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MEASUREMENTS  OF  OCEAN  SURFACE  AND  BOTTOM 
BACKSCATTERING  STRENGTHS 
IN  THE  NORTHWESTERN  ATLANTIC  OCEAN 


INTRODUCTION 

Measurements  of  ocean  surface  and  bottom  backscittering  strengths  were  conducted  in  the 
northwestern  Atlantic  Ocean  during  July  and  August  1990.  The  test  consisted  of  two  separate 
experiment  cruises.  The  first  was  part  of  a  joint  U.S.-Canadian  exercise  carried  out  as  a  collabo¬ 
ration  between  the  U.  S.  Naval  Research  Laboratory  (NRL)  and  the  Canadian  Defence  Research 
Establishment  Atlantic  (DREA).  This  experiment  cruise,  referred  to  in  this  document  as  NRL 
Cruise  709-90,  took  place  in  two  main  areas,  one  approximately  1000  km  northeast  of  the  Grand 
Banks  and  the  other  approximately  450  km  southeast  of  the  Grand  Banks.  The  second  experiment 
cruise,  referred  to  as  NRL  Cruise  710-90,  was  conducted  by  NRL  and  took  place  approximately 
250  km  south  of  Nova  Scotia.  The  primary  research  platform  for  both  experiments  was  the  research 
vessel  USNS  Lynch,  which  deployed  a  towed  horizontal  line  array  receiver.  In  addition,  a  Navy 
P-3  aircraft  was  used  in  both  experiments  to  provide  further  coverage  of  test  sites  and  to  conduct 
acoustic  backscattering  measurements  for  comparison  with  ship-based  measurements  at  identical 
sites.  Figure  1  shows  the  locations  of  the  experimental  sites,  and  Table  1  gives  the  geographic  coor¬ 
dinates  and  relevant  environmental  parameters.  Airborne  Flights  cl,  c2,  and  d  were  components  of 
Cruise  709-90,  while  Flights  f,  g,  h,  and  j  were  components  of  Cruise  710-90.  In  all,  backscattering 
strength  data  were  collected  and  analyzed  for  7  runs  from  Cruise  709-90, 4  runs  from  Cruise  710-90, 
and  7  aircraft  fights  . 

The  primary  objective  of  the  experiments  was  to  measure  the  ocean  surface  and  bottom 
backscattering  strengths  and  to  characterize  their  dependence  on  environmental  parameters.  Specif¬ 
ically,  the  experiments  examined  the  dependence  of  surface  backscattering  strengths  on  wind  speed, 
grazing  angle,  and  frequency.  They  examined  the  dependence  of  bottom  backscattering  strengths 
on  bottom  grazing  angle  and  frequency  as  well  as  any  known  geophysical  information.  The  range 
of  environmental  parameters  included  wind  speeds  between  1.0  and  12.3  m/s  and  bottom  depths 
between  2215  and  4790  m.  Bottom  grazing  angles  down  to  30**  were  achieved. 

In  addition  to  the  basic  scientific  objectives,  the  analysis  also  examined  certmn  aspects  of  the 
experimental  technique  itself.  It  compared  differences  between  using  a  horizontal  line  array  and 
omnidirectional  sonobuoys  as  receivers,  and  it  examined  two  different  methods  of  combining  the 
data  from  multiple  trials  to  obtain  backscattering  strengths. 


Manuscript  approved  June  30,  1993. 
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Table  1  -  Experiment  Sites 


RUN 

Latitude 

Longitude 

Wind  Speed 
(m/s) 

Bottom 
Depth  (m) 

Damuth 
Province  Type 

— 

53“  15.9'  N 

45"  01.5'  W 

3.1 

3940 

lA 

53"  53.1'  N 

45"  20.8'  W 

6.2 

3590 

V 

709-3 

52"  48.6'  N 

45"  00.0'  W 

12.3 

3960 

lA 

709-4 

51"  14.6'  N 

45"  00.7'  W 

9.3 

4125 

General 

709-5 

44"  37.0'  N 

45"  09.4'  W 

4.1 

4210 

IIA 

709-6 

43"  20.5'  N 

44"  35.5'  W 

4.1 

4790 

General 

709-7 

43"  24.5'  N 

44"  46.6'  W 

4.1 

3200 

IIA 

710-2 

42"  56.2'  N 

60"  41.7'  W 

4.1 

2215 

Unknown 

710-4 

42"  26.8'  N 

60"  17.7'  W 

3.6 

3750 

lA 

710-5 

41"  54.9'  N 

60"  48.5'  W 

1.0 

4175 

V 

710-8 

42"  32.8'  N 

61"  18.6'  W 

6.7 

2775 

lA 

709  Flight  cl 

54"  30.0'  N 

45"  00.0'  W 

5.6 

3628 

V 

709  Flight  c2 

53"  09.6'  N 

45"  00.0'  W 

6.7 

3838 

lA 

709  FUght  d 

51"  36.8'  N 

45"  04.0'  W 

5.4 

4134 

Unknown 

710  FUght  f 

42"  40.6'  N 

60"  01.3'  W 

3.1 

3654 

General 

710  Flight  g 

42"  42.8'  N 

60"  47.2'  W 

2.9 

2945 

lA 

710  Flight  h 

42"  20.7'  N 

61"  42.2'  W 

2.7 

2893 

lA 

710  Flight  j 

42"  33.1'  N 

60"  10.5'  W 

3.8 

3682 

General 
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BACKGROUND 

Determination  of  ocean  surface  and  bottom  backscattering  strengths  is  important  for  under¬ 
standing  long-range  reverberation  in  the  ocean.  This  is  particularly  important  at  low  frequencies 
(below  1  kHz)  for  which  reverberation  from  surface  and  bottom  backscatterers  at  long  ranges  may 
significantly  limit  the  performance  of  active  sonar  systems. 

In  recent  decades,  the  sea  surface  backscattering  strengths  used  for  sonar  performance  model¬ 
ing  have  often  been  based  on  empirical  results  obtained  by  Chapman  and  Hairis  [1]  and  Chapman 
and  Scott  [2],  who  measured  surface  backscattering  strengths  as  a  function  of  wind  speed,  graz¬ 
ing  angle,  and  frequency.  They  then  fitted  these  data  with  simple  empirical  formulas,  referred 
to  as  the  Chapman-Harris  curves.  It  is  now  known  that  these  curves,  when  extrapolated  to  low- 
wind,  low-frequency,  and  low-sea  conditions,  significantly  underestimate  the  observed  backscatter¬ 
ing  strengths.  Attempts  have  been  made  to  predict  the  backscattering  strengths  in  these  conditions 
using  first-order  perturbation  theory  for  rough  surfaces  (e.g.,  see  Ref.  3).  These  efforts  have  been 
moderately  successful  in  the  low-wind,  high-frequency  regime.  More  recently  a  comprehensive  se¬ 
ries  of  experiments  which  cover  a  wide  range  of  wind  and  sea  conditions  have  been  carried  out  by 
Ogden  and  Erskine  [4].  The  analysis  of  these  results  has  resulted  in  an  empirical  algorithm  for 
predicting  surface  backscattering  strengths  in  a  broad  range  of  frequencies  and  wind  speeds.  This 
algorithm  appears  to  bridge  successfully  the  gap  between  the  predictions  of  perturbation  theory 
that  are  valid  in  the  low-wind,  high-frequency  regime  and  the  predictions  of  Chapman  and  Harris 
that  are  valid  in  the  high-wind  regime. 

Estimates  of  bottom  backscattering  strengths  used  in  sonar  performance  predictions  are  often 
based  on  Lambert’s  rule,  which  asserts  that  the  backscattered  intensity  is  proportional  to  the  prod¬ 
uct  of  the  sine  of  the  incident  grazing  angle  and  the  sine  of  the  backscattering  grazing  angle.  The 
utility  of  this  description  was  first  reported  by  Mackenzie  [5].  When  the  constant  of  proportionality 
is  chosen  to  be  -27  dB,  this  rule  is  often  called  the  Mackenzie  curve.  However  this  simple  descrip¬ 
tion  has  met  with  limited  success,  particularly  because  of  its  lack  of  dependence  on  frequency  and 
geophysical  bottom  parameters.  Much  experimental  work  has  been  done  recently  to  obtain  bottom 
backscattering  strength  data  over  a  large  range  of  bottom  types.  To  date,  however,  there  is  no 
consistent  framework  for  classifying  or  predicting  bottom  backscattering  strengths  on  the  basis  of 
measured  bottom  parameters. 

EXPERIMENTAL  GEOMETRY  AND  TECHNIQUE 

The  experiment  used  two  modes  of  data  collection:  ship-based  and  airborne.  The  ship-based 
data  collection  used  as  its  receiver  a  horizontal  towed  line  array  at  a  depth  of  approximately  70  m. 
The  array  hydrophone  spacing  was  1.25  m,  giving  a  nominal  design  frequency  of  600  Hz.  The  tow 
ship  speed  was  approximately  1.5  m/s.  The  towed  array  data  were  digitized  with  a  sampling  rate 
of  2560  Hz  for  the  Cruise  709  data  and  2048  Hz  for  the  Cruise  710  data.  The  data  were  recorded 
on  a  high-density  digital  recorder  (HDDR)  for  subsequent  postprocessing  at  NRL. 

The  experiment  used  explosive  charges  to  generate  acoustic  energy  in  the  water  over  a  broad  fre¬ 
quency  range  (0  to  1  kHz).  These  charges  were  Mk61  SUS  (Signals,  Underwater  Sound),  which  con¬ 
tain  0.82  kg  (1.8  lb)  of  TNT  and  are  detonated  by  a  pressure-activated  device  at  244  m.  Drag  plates 
were  attached  to  the  SUS  to  give  a  rate  of  descent  such  that  detonation  occurred  approximately 
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Fig.  2  -  Experiment  geometry  for  ship-based  technique 

directly  beneath  the  towed  line  array  receiver.  This  geometry  is  referred  to  as  “quasi-monostatic” 
(Fig.  2)  because  of  the  relatively  small  vertical  separation  between  source  and  receiver  and  essen¬ 
tially  zero  horizontal  separation.  By  measuring  the  direct  path  reverberation  levels  at  the  receiver 
after  single  interactions  with  the  baekscattering  surface,  knowing  the  source  level,  modeling  the 
propagation  from  the  source  to  the  backscatterer  and  back  to  the  receiver,  and  estimating  the  geo¬ 
metric  baekscattering  patch  areas,  one  can  calculate  the  ocean  surface  and  bottom  baekscattering 
strengths. 

The  airborne  technique  used  AN/SSQ-57A  sonobuoys  for  omnidirectional  receivers,  deployed 
at  a  depth  of  122  m.  At  each  site,  a  suite  of  sonobuoys  with  different  attenuations  (0,  20,  and 
40  dB,  or  20,  40,  and  60  dB)  were  deployed  from  a  Navy  P-3  surcraft  to  allow  measurement  of 
the  full  dynamic  range  of  the  reverberation  time  series  without  saturation  and  above  the  sonobuoy 
sensitivity  limit.  The  aircraft  dropped  the  sonobuoys  as  close  to  each  other  as  possible  and  then 
flew  a  “90-270”  pattern  (shaped  like  a  barbell  or  figure  eight)  to  deploy  the  SUS  at  the  crossover 
point  above  the  sonobuoys  to  give  a  nearly  quasi- monostatic  geometry  (Fig.  3).  The  collected  data 
were  transmitted  by  radio  to  the  aircraft  and  recorded  on  an  analog  recorder.  At  NRL,  the  data 
were  filtered  and  digitized  with  a  sampling  rate  of  2  kHz.  Horizontal  source-receiver  separation 
distance  was  estimated  by  measuring  the  delay  between  the  direct  arrival  and  the  surface  return, 
given  an  assumed  depth  of  detonation  of  the  SUS.  Among  the  data  collected,  the  average  horizontal 
source-receiver  separation  was  approximately  0.5  km. 

DATA  ANALYSIS 

The  data  were  analyzed  at  frequencies  corresponding  to  the  harmonics  of  the  SUS  explosive 
pulse  bubble  frequency,  which  was  approximately  54  Hz  for  Mk61  SUS  detonated  at  244  m.  Re¬ 
verberation  levels  were  averaged  over  a  10  Hz  band  centered  at  the  bubble  frequency  harmonics. 
Analysis  of  the  ship-based  data  collected  on  the  towed  horizontal  line  array  receiver  covered  the 
frequency  range  250  to  600  Hz.  The  lower  bound  of  250  Hz  was  imposed  to  avoid  the  low  frequency 
rolloff  in  the  towed  line  array  electronic  system.  The  upper  limit  of  600  Hz  was  imposed  to  avoid 
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Fig.  3  -  Experiment  geometry  for  airborne  technique 


aliasing  on  the  towed  line  array.  Analysis  of  the  airborne  data  collected  on  the  omnidirectional 
sonobuoys  covered  the  frequency  range  250  to  1000  Hz,  with  the  upper  limit  of  1000  Hz  being  the 
Nyquist  rate  for  the  airborne  data  sampling  rate  of  2  kHz. 

The  backscattering  strength  analysis  was  performed  using  the  Direct  Path  (DP)  analysis  soft¬ 
ware  developed  at  NRL  [6].  This  software  pack^e  used  a  ray  trace  to  compute  propagation  loss 
from  the  source  to  the  backscatterer  and  back  to  the  receiver  [7].  The  ray  trace  calculation  incorpo¬ 
rated  on-site  estimates  of  the  water  depth,  as  well  as  sound  speed  profile  information  obtained  from 
m  situ  bathythermograph  measurements.  The  acoustic  data  were  Fourier  analyzed  in  0.25  s  incre¬ 
ments  using  a  Hamming-shaded  temporal  window,  with  50%  overlap  between  adjacent  windows. 
The  geometry  of  the  calculation  assumed  a  flat  interface  at  the  ocean  surface  and  ocean  bottom, 
so  that  the  ensonified  area  for  each  0.25  s  increment  corresponded  to  an  elliptical  annulus  on  the 
interface  surface.  For  the  airborne  measurements  using  omnidirectional  receivers,  this  ensonified 
area  was  equal  to  the  calculated  backscattering  area,  whereas,  for  the  shi{>- based  measurements 
using  the  towed  line  array,  the  calculated  backscattering  area  was  represented  by  the  intersections 
of  the  backscattering  elliptical  annuli  with  the  receiver  beams  (between  the  3  dB  down  points). 
The  mean  grazing  angle  parameter  was  computed  as  the  average  grazing  angle  over  the  respective 
calculated  backscattering  areas. 

In  the  data  processing,  individual  SUS  shots  were  discarded  if  the  depths  of  detonation  were 
not  consistent  with  the  specified  depth,  as  evidenced  by  unusual  bubble  frequency  harmonics,  or 
if  the  horizontal  source-receiver  separations  were  too  large  or  not  consistent  with  the  majority  of 
the  shots.  Once  an  ensemble  of  “good”  shots  was  assembled,  generally  containing  between  6  and 
19  shots,  the  reverberation  levels  were  averaged  over  this  ensemble.  Shot-to-shot  variability  in 
reverberation  levels  resulted  in  an  experimental  measurement  uncertmnty  of  about  ±3  dB.  A  single 
set  of  backscattering  strengths  was  then  computed  using  the  merged  reverberation  levels. 
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The  extraction  of  the  backscattering  strengths  was  based  on  a  sonar  equation  (e.g.,  see  Ref.  8) 
that  expressed  the  backscattering  strength  in  terms  of  the  emitted  and  received  sound  levels  and 
the  propagation  physics, 

SS  =  RL-SL  +  TLout  +  TLin  -  lOlog  A  -  lOlogB,  (1) 

where  SS  is  the  backscattering  strength  in  dB,  RL  is  the  received  level  in  dB  re  (l^Pa)^/Hz,  SL  is 
the  source  level  in  dB  re  (l^Pa)^/Hz  at  1  m,  TLout  is  the  transmission  loss  in  dB  from  the  source  to 
the  ensonified  area,  TLin  is  the  transmission  loss  in  dB  from  the  ensonified  area  to  the  receiver,  A  is 
the  ensonified  area  of  the  ocean  surface  or  ocean  bottom  in  m^,  and  B  is  the  effective  area  in  m^  of 
the  receiver  beampattern  using  a  3  dB  down  beamwidth.  Source  levels  for  the  SUS  were  obtuned 
from  curves  given  by  Urick  [9].  Overall  uncertainties  in  the  calculated  backscattering  strengths 
resulting  from  the  combination  of  ail  terms  in  the  sonar  equation  were  typically  ±5  dB. 

Beamforming  was  done  on  a  subarray  of  16  hydrophones  to  form  17  beams  using  Hamming 
shading.  This  size  subarray  was  chosen  to  ensure  that  the  ocean  surface  backscattering  patch  was 
in  the  far  field  of  the  array.  (Since  the  experiments  took  place  in  deep  water  with  depths  averaging 
around  3500  m,  the  ocean  bottom  was  always  in  the  far  field  of  the  array.)  Using  the  far-field 
criterion  lo  =  L^/X^  where  L  was  the  aperture  length  and  A  was  the  shortest  wavelength  of  interest 
(in  this  case  at  the  array  design  frequency),  the  far-field  distance  was  lo  =  (15  •  1.25  m)*/(1.25m)  « 
280  m.  As  a  result,  attention  was  restricted  to  surface  returns  beyond  about  0.4  s  after  the  direct 
arrival,  guaranteeing  that  the  surface  backscattering  regions  were  in  the  far  field  of  the  array.  A 
subset  of  the  beams  (numbered  2  to  12)  was  used  in  the  analysis  of  the  surface  backscattering 
strengths,  giving  coverage  over  angles  20®  to  115®  relative  to  aft  endfire.  The  forward  and  aft 
endfire  beams  were  not  used  since  good  estimates  of  the  beampattern  ensonification  area  were 
difficult  to  obtain.  Moreover,  the  forward-most  beams  were  omitted  to  suppress  ownship  noise.  For 
calculating  the  bottom  backscattering  strengths,  only  beams  numbered  2  to  5,  with  coverage  over 
angles  20®  to  70®  relative  to  aft  endfire,  were  used  in  order  to  suppress  fathometerlike  returns  in  the 
broadside  beams  that  tended  to  contaminate  the  backscattering  strength  data  for  higher  grazing 
angles  (generally  above  40®  mean  grazing  angle). 

Appendix  A  describes  the  calibration  used  for  the  ship-based  processing.  If  alternate  possible 
calibration  values  were  used,  the  ship- based  backscattering  strengths  in  this  report  would  be  ad¬ 
justed  upward  by  1  to  5  dB.  Such  a  change  would  not  affect  the  backscattering  strengths  obtained 
from  the  airborne  data. 

SURFACE  BACKSCATTERING  RESULTS 

The  primary  objective  of  the  surface  backscattering  measurements  was  to  characterize  surface 
backscattering  strengths  as  a  function  of  wind  speed,  grazing  angle,  and  frequency.  During  the 
experiment,  wind  speeds  were  measured  with  an  anemometer  on  a  mast  at  an  approximate  height 
of  15  m  above  sea  level  and  adjusted  for  relative  ship  speed.  Data  were  collected  and  processed  for 
all  the  Cruise  709,  Cruise  710,  and  airborne  sites.  However,  the  processing  of  the  airborne  surface 
backscatter  data  did  not  yield  reliable  results. 


Overall,  the  measured  grazing  angle  dependence  of  the  surface  backscatter,  as  parameterized  by 
frequency  and  wind  speed,  was  consistent  with  the  Ogden-Erskine  curves.  As  an  example  of  these 
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results,  Fig.  .  shows  surface  backscattering  strength  plotted  as  a  function  of  mean  grazing  angle  for 
seven  frequencies  between  250  and  550  Hz  (dotted  lines)  for  Run  710-4a.  The  Ogden-Erskine  curves 
for  the  measured  wind  speed  of  3.6  m/s  are  shown  on  the  same  plot  (solid  lines).  The  measured 
results  were  in  reasonable  agreement  with  the  predictions  of  the  Ogden-Erskine  curves.  Note  that 
at  this  low  wind  speed  the  backscattering  strengths  showed  little  dependence  on  frequency. 

Figures  5  and  6  present  surface  backscattering  strengths  for  Runs  709-1  and  709-2,  which  were 
located  noitheast  of  the  Grand  Banks.  The  test  times  were  late  afternoon  to  early  evening  (1600- 
1825  and  1855-1950  local  time,  respectively).  The  solid  lines  represent  the  Ogden-Erskine  curves  for 
the  measured  wind  speeds  of  3.1  and  6.2  m/s,  respectively.  At  these  sites,  the  surface  backscattering 
results  appeared  to  be  dominated  by  volume  backscattering  caused  by  fish,  as  evidenced  by  a  lack 
of  dependence  of  the  backscattering  strengths  on  grazing  angle.  This  characteristic  flattening  of 
measured  surface  backscattering  strengths  at  low  grazing  angles  resulting  from  the  presence  of  fish 
scatterers  has  been  reported  by  other  NRL  investigators  (e.g.,  see  Ref.  10). 

BOTTOM  BACKSCATTERING  RESULTS 

The  primary  objective  of  the  bottom  backscattering  experiment  was  to  characterize  the  bottom 
backscattering  strengths  as  a  function  of  grazing  angle,  frequency,  and  any  known  geophysical 
parameters  of  the  experimental  sites. 

Grazing  Angle  Dependence  of  Bottom  Backscattering  Strengths 

Figures  7  and  8  present  measured  backscattering  strengths  as  a  function  of  grazing  angle  at 
250  and  550  Hz  for  all  the  Cruise  709  ship-based  sites.  The  smooth  solid  line  in  all  the  bottom 
backscattering  strength  plots  is  the  Mackenzie  curve.  Also,  the  notations  a,  b,  and  c  denote  different 
segments  of  the  same  run  at  the  same  site,  with  approximately  10  SUS  shots  per  segment. 

At  250  Ilz  ihe  data  curves  of  Fig.  7  appeared  to  f^l  into  two  groups:  The  first  group,  containing 
Runs  709-2,  709-3,  709-4,  709-5a,  and  709-5b,  were  from  sites  in  the  Gloria  Drift  and  the  southern 
end  of  the  Labrador  Basin.  They  generally  followed  the  Mackenzie  curve  but  were  about  6  dB 
above  it.  The  second  group,  containing  Runs  709-6b,  709-6c,  and  709-7,  were  from  sites  located  in 
the  Newfoundland  Basin.  They  were  flatter  than  the  Mackenzie  curve  for  grazing  angles  below  40® 
and  were  12  tol4  dB  above  it  around  30°  grazing  angle.  (Run  709-6a  was  omitted  since  it  occurred 
over  the  slope  of  a  steep  seamount.)  As  a  special  case,  it  should  be  noted  that  Run  709-7  was 
directly  above  an  isolated  seamount,  which  may  account  for  the  anomalously  large  backscattering 
strengths  around  44®  grazing  angle,  but  may  also  make  the  calculation  suspect  because  of  violation 
of  the  flat-bottom  assumption.  At  550  Hz  the  results  of  Fig.  8  were  similar,  but  with  a  few  notable 
exceptions.  Runs  709-3  and  709-5a  backscattering  strengths  stayed  rather  low  between  grazing 
angles  43®  and  60®.  Runs  709-6b,  709-6c,  and  709-7  backscattering  strength  curves  approximately 
paralleled  the  Mackenzie  curve  for  grazing  angles  below  40®  at  this  frequency.  The  anomalously 
high  backscattering  strengths  for  Run  709-7  were  absent.  Also  note  that  the  Run  709-5b  values 
were  consistently  about  4  dB  higher  than  the  Run  709-5a  values,  even  though  they  were  from  the 
same  site.  This  result  suggests  a  range  variability  of  as  much  as  4  dB  over  distances  of  about 
4.2  km.  Another  notable  feature  is  that  Runs  709-2  and  709-3  showed  a  4  dB  spike  at  37®  grazing 
angle. 
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Fig.  6  -  Surface  backacattering  strengths  for  R\m  709-2.  The  soUd  lines  represent  the  Ogden-Erskine  curves  for  a  wind 

speed  of  6.2  m/a. 
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Pig.  7  -  Grazing  angle  dependence  of  bottom  at  250  Hz  for  all  Cruise  709  ship-based  sites.  The  smooth  solid  line  is 

the  Mackenzie  curve. 
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Fig.  8  -  Grazing  angle  dependence  of  bottom  backacattering  strengths  at  550  Hz  for  all  Cruise  709  ship-based  sites. 

The  smooth  solid  line  is  the  Madcenzie  curve. 
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Figures  9  and  10  present  backscattering  strengths  as  a  function  of  grazing  angle  at  250  and 
550  Hz  for  the  Cruise  710  sites,  all  of  which  were  located  on  the  continental  rise  south  of  Nova  Scotia. 
There  were  loosely  three  sets  of  backscattering  strength  curves.  One  set,  containing  Runs  710-2 
and  710-8,  roughly  followed  the  Mackenzie  curve  but  about  2  dB  above  it.  Another  set,  containing 
Runs  710-4a  and  710-4b,  were  flatter  than  the  Mackenzie  curve  at  grazing  angles  below  40°  and 
were  2  to  4  dB  below  it.  Differences  between  Runs  710-4a  and  710-4b  suggest  a  same-site  local 
variability  in  backscattering  strength  of  around  4  dB.  The  remainder  was  Run  710-5,  which  was 
approximately  9  dB  above  and  parallel  to  the  Mackenzie  curve  at  250  Hz,  but  6  dB  above  and 
flatter  than  the  Mackenzie  curve  at  550  Hz. 

Figures  11  and  12  present  backscattering  strengths  as  a  function  of  grazing  angle  at  506  and 
910  Hz  for  the  Cruise  709  and  710  airborne  SUS  experiment  sites.  In  these  results  there  was 
a  clustered  group  of  curves,  containing  Flights  d,  f,  g,  and  h,  that  was  approximately  2  dB 
below  and  parallel  to  the  Mackenzie  curve.  The  Flight  d  site  was  on  the  continental  rise  east  of 
Newfoundland,  while  the  Flight  f,  g,  and  h  sites  were  on  the  continental  rise  south  of  Nova  Scotia. 
The  backscattering  strength  curve  for  the  Flight  c2  site,  located  between  the  Gloria  Drift  and 
the  Newfoundland  continental  rise,  also  paralleled  the  Mackenzie  curve  but  about  5  dB  above  it, 
whereas  the  backscattering  strength  curve  for  the  Flight  j  site,  located  on  the  continental  rise  south 
of  Nova  Scotia,  paralleled  the  Mackenzie  curve  but  about  5  dB  below  it.  The  remaining  Flight  cl 
site  was  unique  in  that  the  backscattering  strengths  were  essentially  independent  of  grazing  angle. 
Note  that  Flights  cl  and  c2  were  not  adjacent  but  rather  were  separated  by  approximately  19  km. 

Frequency  Dependence  of  Bottom  Backscattering  Strengths 

The  Mackenzie  curve  does  not  predict  any  frequency  dependence  for  bottom  backscattering 
strengths.  Experimentally,  however,  frequency  dependence  is  generally  observed,  and  the  character 
of  this  dependence  can  change  between  different  sites. 

Figures  13,  14,  and  15  present  bottom  backscattering  strengths  as  a  function  of  frequency  at 
a  fixed  average  grazing  angle  of  32°  for,  respectively,  the  Cruise  709  ship-based  sites.  Cruise  710 
ship-based  sites,  and  Cruise  709  and  710  airborne  sites.  The  values  shown  are  local  averages  of  the 
backscattering  strengths  in  dB  over  five  data  points  having  graizing  angles  close  to  32°  (generally 
within  ±2°).  For  reference,  the  Mackenzie  curve  gives  a  value  of  -32.5  dB  at  32°  grazing  angle. 

Analysis  of  the  frequency  dependence  of  the  Cruise  709  data  at  32°  grazing  angle  (Fig.  13) 
showed  two  basic  groupings  of  backscattering  strengths.  Runs  709-6b,  709-6c,  and  709-7,  located 
in  the  Newfoundland  Basin,  exhibited  backscattering  strengths  that  were  clustered  around  -21  dB. 
These  backscattering  strengths  were  mostly  frequency  independent,  except  for  Run  709-7,  which 
exhibited  a  decrease  of  approximately  4  dB  in  backscattering  strength  level  between  250  and  600  Hz. 
Runs  709-2,  709-3,  709-4,  709-5a,  and  709-5b,  located  in  the  Gloria  Drift  and  the  southern  end  of 
the  Labrador  Basin,  exhibited  backscattering  strengths  that  were  clustered  around  -26  dB,  with  a 
slight  increase  with  frequency  of  approximately  2  dB  between  250  and  600  Hz. 

Considering  the  frequency  dependence  of  the  Cruise  710  data  at  32°  grazing  angle  (Fig.  14), 
there  appeared  to  be  four  distinct  backscattering  strength  levels  around  -24,  -30,  -33,  and 
-36  dB.  The  backscattering  strengths  generally  decreased  with  increasing  frequency,  although 
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Fig.  9  -  Grazing  angle  dependence  of  bottom  backscattering  strengths  at  250  Hz  for  all  Cruise  710  ship-baaed  sites. 

The  smooth  solid  line  is  the  Mackenzie  curve. 
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Fig.  10  -  Grazing  angle  dependence  of  bottom  backscattering  strengths  at  550  Hz  for  all  Cruise  710  ship-based  sites. 

The  smooth  solid  line  is  the  Mackenue  curve. 
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Fig.  11  -  Grazing  angle  dependence  of  bottom  backscattering  strengths  at  506  Hz  for  all  Cniise  709  and  710  airborne 

sites.  The  smooth  solid  line  is  the  Mackenzie  curve. 
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Fig.  12  -  Grazing  angle  dependence  of  bottom  backscattering  strengths  at  910  Hz  for  all  Cruise  709  and  710  airborne 

sites.  The  smooth  solid  Une  is  the  Mackenzie  curve. 
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Fig.  13  -  FVequency  dependence  of  bottom  backscattering  strengths  at  32*  grazing  angle  for  all  Cruise  709  ship-based 

sites 
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Fig.  15  -  FVequency  dependence  of  bottom  backucattering  strengths  at  32*  grazing  angle  for  all  Cruise  709  and  710 

airborne  sites 
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the  full  range  of  frequency  dependence  was  less  than  3  dB.  Run  710-5  showed  a  noticeable  2  dB 
dip  in  backscattering  strength  around  400  Hz.  All  the  Cruise  710  sites  were  on  the  continental  rise 
south  of  Nova  Scotia. 


Figure  15  shows  the  frequency  dependence  of  the  Cruise  709  and  710  airborne  data  at  32® 
grazing  angle.  All  these  flights  occurred  over  areas  broadly  labeled  as  regions  of  turbidite  depo¬ 
sition.  The  backscattering  strengths  for  the  Flight  cl  site,  located  in  the  Gloria  Drift,  exhibited  a 
slight  increase  with  frequency  of  approximately  3  dB  between  300  and  900  Hz,  with  a  level  of  -29  dB 
near  300  Hz.  Backscattering  strengths  for  the  Flight  c2  site,  located  approximately  19  km  south  of 
the  Flight  cl  site,  exhibited  similar  frequency  dependence,  but  with  values  about  4  dB  higher  than 
for  the  Flight  cl  site.  Backscattering  strengths  for  the  Flight  d,  f,  h,  and  j  sites  were  essentially 
flat  across  frequency,  with  average  levels  varying  from  -30  to  -37  dB.  Backscattering  strengths  for 
the  Flight  g  site  showed  a  slight  decrease  with  frequency  of  approximately  3  dB  between  300  and 
900  Hz,  with  a  level  of  -28  dB  near  300  Hz. 


Comparisons  with  Archival  Results 

The  bottom  backscattering  strength  data  were  examined  to  determine  if  there  was  a  correlation 
with  the  Damuth  echo  character  province  types  [11],  which  are  empirical  classifications  of  the  ocean 
bottom  based  on  the  echo  character  of  3.5  kHz  echograms.  Table  1  details  the  Damuth  province 
types  of  each  of  the  experiment  runs.  Overall  no  consistent  correlation  with  the  Damuth  province 
types  was  found.  For  example,  Runs  709-1,  709-3,  710-4a,  710-4b,  710-8,  and  Flights  c2,  g,  and 
h  ail  have  Damuth  province  type  lA,  yet  the  backscattering  strengths  at  these  sites  varied  over  a 
range  of  approximately  8  dB  and  exhibited  different  frequency  dependencies.  Even  though  some 
runs  were  near  the  Damuth  province  boundaries,  which  are  only  roughly  accurate,  others  were  not 
ambiguous  and  still  presented  inconsistent  types. 


Bottom  backscattering  strengths  at  32°  grazing  angle  were  also  compared  with  the  results  of 
Robison  [12]  at  corresponding  locations.  Comparisons  were  made  with  Robison's  results  at  a  fixed 
grazing  angle  of  35®  in  the  octave  band  between  200  and  400  Hz.  The  results  are  tabulated  in 
Table  2. 


The  closest  geographic  comparison  was  between  Run  710-5  and  Robison  station  40,  with  a 
separation  of  7.2  km.  The  backscattering  strengths  here  were  in  excellent  agreement,  differing  by 
only  0.8  dB.  There  was  also  good  agreement  in  the  Newfoundland  Basin  area  (Runs  709-6b,  709- 
6c,  and  709-7  vs  Robison  station  102)  even  though  the  separations  were  on  the  order  of  70  km. 
Backscattering  strengths  for  the  various  sites  on  the  continental  rise  were  in  qualitative  agreement, 
exhibiting  a  site-to-site  variability  of  approximately  6  dB.  The  backscattering  strength  measured 
for  Flight  g  on  the  continental  slope  (-30  dB)  was  about  5  dB  lower  than  the  value  of  -25.3  dB 
for  Robison  station  38.  The  backscattering  strength  measured  for  Flight  cl  in  the  Labrador  Basin 
(-33  dB)  was  about  6  dB  higher  than  the  value  of  -38.8  dB  for  Robison  station  121.  Overall  the 
measured  bottom  backscattering  strengths  and  the  Robison  values  were  within  approximately  6  dB 
of  each  other. 
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Table  2  -  Comparison  of  Bottom  Backscattering  Strengths  Measured  by  NRL  with  Results  of  Robison 


Robison 

Station 

Latitude 

Longitude 

SS 

(dB) 

Physiographic 
Province  Type 

Damuth 

Type 

NRL 

Run 

SS 

(dB) 

Separation 

(km) 

38 

42*  47'  N 

61*  03'  W 

-25.3 

Continental  Slope 

lA 

8 

-30 

22.9 

39 

41*  58'  N 

60*  58'  W 

-26.6 

Continental  Rise 

lA 

710-5 

-24 

14.3 

40 

41*  51.5'  N 

60*  51'  W 

-24.8 

Continental  Rise 

V 

7.2 

41 

41*  45'  N 

60*  42'  W 

-27.9 

Continental  Rise 

V 

20.4 

104 

50*  26'  N 

44*  45'  W 

-33.2 

Continental  Rise 

General 

709-4 

-i 

91.9 

121 

54*  40'  N 

43*  40'  W 

-38.8 

Labrador  Basin 

V 

cl 

-33 

87.8 

102 

44*  00'  N 

44*  28'  W 

-22.0 

Newfoundland  Basin 

IIA 

709-6b 

-21 

73.8 

709-6C 

-21 

73.8 

709-7 

-21 

70.3 

COMPARISON  OF  EXPERIMENTAL  TECHNIQUES 
Comparison  Between  Ship-Based  and  Airborne  Techniques 

It  is  of  interest  to  compare  the  results  obtained  from  the  ship-based  technique  using  the  towed 
line  array  receiver  with  those  from  the  airborne  technique  using  the  omnidirectional  sonobuoys.  In 
general  one  could  expect  the  ship-based  technique  to  give  more  accurate  results,  since  the  towed 
array  beampattern  can  discriminate  against  fathometerlike  returns  and  since  the  detonation  of  the 
SUS  beneath  the  receiver  is  more  consistent.  However,  since  the  airborne  SUS  and  sonobuoys 
are  readily  deployable,  the  airborne  technique  is  more  suitable  for  large-area  surveys.  Moreover, 
the  airborne  technique  remains  more  strictly  at  a  single  site  (assuming  the  drift  rate  is  small). 
Thus,  one  would  like  to  verify  that  the  airborne  technique  gives  results  comparable  to  those  of  the 
ship-based  technique. 

To  facilitate  this  comparison,  SUS  tests  of  both  types  were  conducted  at  sites  within  approx¬ 
imately  1.5  km  of  each  other.  Comparisons  from  three  locations  are  presented  in  Figs.  16  to  21. 
(See  Fig.  1  for  geographic  locations.)  These  plots  present  results  at  300  and  500  Hz. 

In  all  cases  the  variability  between  the  ship-based  and  airborne  results  was  approximately 
5  dB.  Moreover,  there  was  no  significant  difference  between  the  behavior  at  grazing  angles  above 
40°,  suggesting  that  beampattern  suppression  of  fathometerlike  returns  did  not  have  much  effect. 

Merging  vs  Averaging  in  Scattering  Strength  Computations 

The  standard  data  analysis  technique  was  to  merge  the  different  SUS  shots  in  a  run  by  tak¬ 
ing  a  linear  average  of  the  reverberation  levels  and  then  computing  a  single  set  of  backscattering 
strengths  using  an  average  value  for  the  source-receiver  separation.  One  could,  however,  compute 
the  backscattering  strengths  for  each  shot  individually  using  the  individual  source- receiver  sepa¬ 
rations  and  then  average  the  backscattering  strengths  directly.  In  principle,  the  results  can  be 
different  since  the  propagation  is  not  linear  in  the  source-receiver  separation. 
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20  40  60  80 
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Fig.  16  -  S&me-site  comparison  of  selected  ship-based  and  airborne  hot  tom  backscattering  strength  measurements  at 
300  Hz.  The  results  shown  are  for  Run  710-8,  710  Flight  g,  and  710  1  ii/ht  h  The  smooth  solid  line  is  the  Mackenzie 
curve. 
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Fig.  17  -  Saine-rit«  comparison  of  sdected  ship-based  and  airborne  bottom  backscattering  strength  measurements  at 
500  Hz.  The  resulto  shown  are  for  Run  710-8,  710  Flight  g,  and  710  Flight  h.  The  smooth  solid  line  is  the  Mackenzie 
curve. 
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Fig.  18  -  Same-site  comparison  of  selected  ship-based  and  airborne  bottom  backscattering  strength  measurements  at 
300  Hz.  The  results  shown  are  for  Rim  709-1,  Run  709-3,  and  709  Flight  c2.  The  smooth  solid  line  is  the  Mackenzie 
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Fig.  19  -  Same-site  comparison  of  selected  ship-based  and  airborne  bottom  backscattering  strength  measurements  at 
500  Hz.  The  resulU  shown  are  for  Run  709-1,  Run  709-3,  and  709  Flight  c2.  The  smooth  solid  line  is  the  Mackenzie 
curve. 
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Fig.  20  -  Same-site  comparison  of  selected  ship-based  and  airborne  bottom  backscattering  strength  measurements  at 
300  Hz.  The  results  shown  are  for  Run  710-4a,  Rim  710-4b,  and  710  Flight  j.  The  smooth  solid  line  is  the  Mackenzie 


curve. 
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20  40  60  80 

Mean  Grazing  Angle  (Deg) 

Pig.  21  -  Same-rite  comparison  of  selected  ship-based  and  airborne  bottom  backscattering  strength  measurements  at 
500  Hz.  The  results  shown  are  for  Run  710-4a,  Rim  710-4b,  and  710  Plight  j.  The  smooth  solid  line  is  the  Mackenzie 
curve. 
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Figures  22  to  24  present  results  of  this  comparison  for  backscattering  strengths  at  the  Flight  d 
site.  The  dashed  line  represents  the  results  obtained  by  merging  the  reverberation  from  individual 
shots  and  then  computing  a  single  set  of  backscattering  strengths.  The  dotted  line  represents  the 
average  of  the  individual  SUS  shot  backscattering  strengths  in  dB.  Each  average  is  over  33  points 
and  is  plotted  at  the  average  grazing  angle  for  this  ensemble.  Error  bars  for  one  sample  standard 
deviation  are  also  shown.  One  can  see  that  the  merging  technique  generally  gave  results  within 
the  statistical  spread  of  the  ensemble  of  individual  shots,  indicating  that  the  standard  merging 
technique  is  adequate  relative  to  the  overall  accuracy  of  the  data. 

SUMMARY  AND  CONCLUSIONS 

This  report  has  discussed  measurements  of  ocean  surface  and  bottom  backscattering  strengths 
that  were  made  by  NRL  in  July  and  August  1990  in  the  northwestern  Atlantic  Ocean.  The  ex¬ 
periment  was  carried  out  during  two  cruises,  known  as  Cruise  709-90  and  Cruise  710-90.  The  first 
of  these  was  part  of  a  joint  exercise  with  the  Canadian  Defence  Research  Establishment  Atlantic 
(DREA).  This  cruise  took  place  primarily  in  two  areas  in  the  northwestern  Atlantic  Ocean,  one  ap¬ 
proximately  1000  km  northeast  of  the  Grand  Banks  and  the  other  approximately  450  km  southeast 
of  the  Grand  Banks.  The  second  cruise  took  place  approximately  250  km  south  of  Nova  Scotia. 
Both  cruises  were  conducted  using  the  USNS  Lynch  research  vessel,  which  deployed  the  NRL  towed 
horizontal  line  array  receiver.  They  were  supported  by  a  Navy  P-3  aircraft,  which  deployed  omni¬ 
directional  sonobuoy  receivers  to  make  comparison  measurements  at  the  shii>-based  experimental 
sites  as  well  as  other  sites. 

The  primary  scientific  objective  of  the  experiment  was  to  characterize  the  dependence  of  ocean 
surface  and  bottom  backscattering  strengths  on  environmental  parameters  such  as  grazing  angle, 
frequency,  wind  speed  (for  the  surface),  and  geophysical  parameters  (for  the  bottom).  These 
dependencies  are  important  for  understanding  the  character  of  long-range  reverberation  for  active 
sonar  systems.  The  range  of  sampled  environmental  parameters  included  wind  speeds  betweenl.O 
and  12.3  m/s  and  bottom  depths  between  2215  and  4790  m.  Bottom  grazing  angles  down  to  30° 
were  achieved. 

The  experiment  used  ship  and  air  deployed  explosive  charges  to  provide  ensonification  of  the 
ocean  surface  and  bottom  over  a  broad  range  of  low  frequencies  up  to  1  kHz.  Two  experimental 
techniques  were  used.  In  the  ship-based  technique,  the  explosive  SUS  (Signals,  Underwater  Sound) 
charges  were  detonated  approximately  directly  beneath  the  towed  line  array  receiver  in  a  quasi¬ 
monostatic  geometry.  These  ship-based  backscattering  strength  measurements  were  analyzed  at 
selected  frequencies  between  250  and  600  Hz.  In  the  airborne  technique,  a  suite  of  three  sonobuoys 
with  different  attenuations  was  deployed  at  a  single  location  to  measure  the  full  dynamic  range 
of  the  reverberation.  The  aircraft  then  flew  a  “90-270”  pattern  (shaped  like  a  barbell  or  figure 
eight)  and  dropped  SUS  charges  at  the  crossover  point  above  the  sonobuoys,  again  achieving  a 
quasi-monostatic  geometry.  The  airborne  backscattering  strength  measurements  were  analyzed  at 
selected  frequencies  between  250  and  1000  Hz. 

The  ocean  surface  and  bottom  backscattering  strengths  were  extracted  from  the  measurements 
via  the  sonar  equation.  This  was  accomplished  using  the  expected  source  level  and  calculating  the 
transmission  loss  and  backscattering  area. 
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Fig.  22  -  Merged  vs  averaged  backscattering  strengths  for  709  Flight  d  at  102  Hz.  The  smooth  solid  line  is  the 

Madeenzie  curve. 
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Fig.  23  -  Merged  vg  averaged  backscattering  strengths  for  709  Flight  d  at  502  Hz.  The  smooth  solid  line  is  the 

Mackenzie  curve. 
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Fig.  24  -  Merged  vs  averaged  iMckscattering  strengths  for  709  Flight  d  at  910  Hz.  The  smooth  solid  line  is  the 

Mackenzie  curve. 
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Surface  Backscattering  Strengths 

Overall  the  surface  backscatter  results  agreed  reasonably  well  with  the  Ogden-Erskine 
curves  [4],  matching  the  predicted  dependence  on  wind  speed,  graizing  angle,  and  frequency. 

At  two  sites  located  northeast  of  the  Grand  Banks  the  surface  backscattering  strengths  ap¬ 
peared  to  be  dominated  by  volume  backscattering  caused  by  hsh,  as  evidenced  by  a  lack  of  depen¬ 
dence  of  the  backscattering  strengths  on  grazing  angle. 

Bottom  Backscattering  Strengths 

The  bottom  backscattering  strengths  were  observed  to  have  considerable  variation  in  level 
between  different  sites.  For  example,  in  the  frequency  range  200  to  400  Hz  at  32°  grazing  angle, 
the  backscattering  strengths  exhibited  a  17  dB  variation  between  -20  and  -37  dB. 

As  a  function  of  grazing  angle,  most  of  the  backscattering  strength  curves  approximately  paral¬ 
leled  the  Mackenzie  curve  for  grazing  angles  between  30°  and  50°.  This  was  true  for  several  sites  in 
the  Gloria  Drift  and  the  southern  end  of  the  Labrador  Basin,  with  levels  approximately  6  dB  above 
the  Mackenzie  curve.  It  was  also  true  for  several  sites  on  the  continental  rise  south  of  Nova  Scotia, 
with  levels  variable  from  2  dB  above  the  Mackenzie  curve  to  4  dB  below  it.  However,  a  few  sites  in 
the  Newfoundland  Basin  and  on  the  continental  rise  south  of  Nova  Scotia  exhibited  backscattering 
strength  curves  flatter  than  the  Mackenzie  curve  below  40°  grazing  angle,  with  levels  ranging  from 
12  to  14  dB  above  the  Mackenzie  curve  at  30°  grazing  angle  to  4  dB  below  it. 

A  moderate  frequency  dependence  of  approximately  3  dB  was  observed  in  the  measured  bottom 
backscattering  strengths  between  250  and  1000  Hz.  At  sites  in  the  Gloria  Drift  and  the  southern 
end  of  the  Labrador  Basin  the  backscattering  strengths  were  observed  to  increase  with  increasing 
frequency.  At  sites  in  the  Newfoundland  Basin  and  some  sites  on  the  continental  rise  south  of 
Nova  Scotia  the  backscattering  strengths  decreased  with  increasing  frequency.  At  other  sites  on  the 
continental  rise  south  of  Nova  Scotia  the  backscattering  strengths  were  approximately  flat  across 
frequency. 

Comparisons  of  the  bottom  backscattering  strengths  with  the  Damuth  3.5  kHz  echo  character 
province  types  yielded  no  consistent  correlations. 

Comparisons  of  measured  bottom  backscattering  strengths  with  the  results  of  Robison  [12] 
yielded  general  agreement  within  6  dB.  The  best  agreement  was  for  Robison  station  40  on  the 
continental  rise  south  of  Nova  Scotia  (within  0.8  dB),  although  in  general  this  slope  region  exhibited 
a  variability  of  approximately  6  dB.  Good  agreement  was  also  obtained  at  sites  in  the  Newfoundland 
Basin. 

Comparison  of  Experimental  Techniques 

The  ship-based  technique,  using  a  towed  horizontal  line  array  receiver,  and  the  airborne  tech¬ 
nique,  using  omnidirectional  sonobuoy  receivers,  yielded  comparable  backscattering  strength  results 
that  were  within  approximately  5  dB  of  each  other. 
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The  standard  technique  of  merging  the  reverberation  levels  from  several  SUS  shots  and  then 
computing  a  single  set  of  backscattering  strengths  (using  an  average  source-receiver  separation) 
was  shown  to  be  adequately  equivalent  to  the  computation  of  backscattering  strengths  for  each  of 
the  shots  separately  using  individual  source-receiver  separations  and  then  taking  the  average  of  the 
individual  shot  backscattering  strengths. 
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Appendix  A 


CALIBRATION  FOR  THE  NRL  TOWED  LINE  ARRAY  PROCESSING 

SYSTEM 


THE  NRL  TOWED  LINE  ARRAY 


The  NRL  towed  line  array  [Al]  comprises  64  hydrophones  grouped  into  four  nested  subarrays 
with  design  frequencies  of  75, 150,  300,  and  600  Hz  (Table  Al).  The  hydrophones  used  in  processing 
the  Cruise  709-90  and  Cruise  710-90  ship-based  surface  and  bottom  backscatter  experiment  data 
were  part  of  the  600  Hz  subarray  (channels  42  through  64)  on  the  forward  end  of  the  array. 


Table  Al  -  NRL  Towed  Line  Array  Specifications 


Number  of 
Hydrophones 

Hydrophone 
Spacing  (m) 

Aperture 
Length  (m) 

Design  Frequency 
(Hz) 

10.00 

75 

5.00 

150 

2.50 

300 

1.25 

27.5 

600 

Figure  Al  diagrams  the  typical  electronic  configuration  during  data  collection. 
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Fig.  Al  -  Typical  electronic  conhguration  during  data  collection 


COMPONENT  ANALYSIS 


The  Teledyne  Exploration  Model  T-2  Hydrophone  Specifications  document  lists  the  hydrophone 
sensitivity  as  -194.4  dB  re  lV//iPa,  as  measured  by  NRL-Orlando. 

From  Ref.  [A2],  two  transformers  are  present  in  the  towed  array  system.  Each  transformer 
gives  a  calibration  factor  of  -20  log[p],  where  p  is  the  transformer  turns  ratio.  The  first  is  a  \/l0  :  1 
step-down  transformer  located  in  the  array  itself.  The  second  is  a  1  :  2  step-up  transformer  just 
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before  the  amplifier  (after  point  B  in  Fig.  Al).  The  calibration  factors  are  -10.0  and  -f6.0  dB, 
respectively,  giving  a  net  value  of  -4.0  dB.  Also,  Ref.  [A2]  calculates  a  line  loss  of  -4.3  dB  for 
the  array,  tow  cable,  deck  leader,  and  input  transformers.  However,  in  1985  the  electronics  were 
modified  by  replacing  a  5.49kf2  resistor  with  a  348kn  resistor,  so  that  the  calculated  line  loss  is 
now  negligible  (<  0.1  dB). 

The  nominal  value  of  the  amplifier  gain  is  20  log[500]  =  -1-54.0  dB. 

The  Phoenix  analog-to-digital  (A/D)  converter  has  an  input  range  of  -f/-  10  V,  with  15  bits 
of  binary  output.  The  gain  is  thus  201og[(2^®)/(20.)]  =  64.3  dB. 

Postprocessing  of  the  data  was  accomplished  with  NRL  GENPASS  computer  program  that 
Fourier  transforms  the  data  to  the  frequency  domain  and  beamforms  the  data.  The  GENPASS 
program  gives  the  following  calibration  factors:  The  temporal  FFT  should  be  normalized  by 
10  log[2iV^],  where  N  is  the  FFT  size.  For  Cruise  709-90  shifvbased  data  with  N  =  1024,  this 
was  63.2  dB.  For  Cruise  710-90  ship-based  data  with  N  =  512,  this  was  57.2  dB.  The  spatial  FFT 
(beamforming)  should  be  normalized  by  10  log[M^],  where  M  is  the  number  of  hydrophones.  For 
M  =  16,  this  was  24.1  dB.  Temporal  and  spatial  Hamming  shading  each  give  a  loss  of  -4.0  dB. 

Table  A2  lists  the  calibration  values. 


Table  A2  -  Calibration  via 

Component  Analysis 

Factor 

Value  (dB) 

709-90 

710-90 

Hydrophone  Sensitivity 
Transformers 

Amplifier  Gmn 

A/D  Gmn 

FFT  Size  (temporal) 

Hamming  Shading  (temporal) 
FFT  Size  (spatial) 

Hamming  Shading  (spatial) 

-194.4 

-4.0 

-1-54.0 

-1-64.3 

-f-63.2 

-4.0 

-1-24.1 

-4.0 

-194.4 

-4.0 

4-54.0 

4-64.3 

4-57.  2 
-4.0 
4-24.1 
-4.0 

TOTAL 

-0.8 

-6.8 

EMPIRICAL  WHITE  NOISE  ANALYSIS 

An  empirical  calibration  was  performed  based  on  the  white  noise  calibration  Run  006  (709-90 
Cruise  Log  No.  1,  pp.  32-33).  The  input  at  point  B  in  Fig.  Al  was  measured  to  be  -73.6  dBY/v/llz 
(at  the  frequency  350  Hz).  The  white  noise  calibration  data  was  postprocessed  using  GENPASS 
(with  N  —  2048  and  Hamming  shading  in  time)  to  produce  a  “lines”  file  containing  the  complex¬ 
valued  frequency  line  spectra  for  the  data.  This  “lines”  file  was  then  run  through  the  program 
DBCALFILE,  written  by  Bruce  Pasewark,  to  produce  an  empirical  calibration  curve  based  on 
the  ensemble-averaged  white  noise  data.  The  parameters  supplied  to  this  program  were  an  input 
level  (relative  to  point  B)  of -73.6  dBV/\/  Hz  and  an  effective  hydrophone  sensitivity  (including 
the  gain  from  the  -v/lo  :  1  step-down  transformer  in  the  array  itself)  of  -204.4  dB  re  lV//iPa.  A 
mathematical  fit  to  the  resulting  empirical  calibration  curve  was  then  obtained  using  the  program 
STAT4RUN,  written  by  Nolan  Davis.  The  parameters  of  the  fit  were  a  constant  offset  and  the 
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corner  frequencies  for  three  high- pass  filters,  each  with  a  6  dB/octave  rolloff  at  low  frequency.  These 
filters  corresponded  to  the  two  pre-whitening  filters  in  the  system,  plus  an  additional  high-pass  filter 
response  resulting  from  the  non-ideal  transformer  used  to  couple  the  white  noise  generator  into  the 
system.  The  nominal  pre-whitening  component  values  are  listed  in  Ref.  [A3],  corresponding  to 
nominal  corner  frequencies  of  234  and  195  Hz.  The  nominal  measured  corner  frequency  for  the 
white  noise  generator  input  transformer  was  98  Hz.  However,  the  best  fit  frequencies  were  150, 
156,  and  159  Hz.  The  best  fit  offset  was  -18.5  dB,  which  corresponded  to  the  asymptotic  high 
frequency  calibration  value.  These  parameters  gave  a  very  good  6*  to  the  empirical  calibration 
curve,  whereas  the  nominal  values  did  not. 

The  differences  in  temporal  FFT  sizes  between  the  white  noise  calibration  run  and  the  data 
collection  runs  required  an  adjustment  of  10  log[(1024*)/(2048^)]  =  -6.0  dB  for  the  Cruise  709-90 
ship-based  data,  and  10  log[(512^)/(2048^)]  =  -12.0  dB  for  the  Cruise  710-90  ship-based  data. 

Table  A3  lists  the  white  noise  empirical  analysis  calibration  values.  The  net  calibration  value  is 
3.6  dB  lower  than  the  value  determined  by  the  component  analysis,  indicating  a  possible  additional 
loss  in  the  electronic  system  not  accounted  for  by  the  component  analysis. 


Table  A3  -  Calibration  via  Empirical  White  Noise  Analysis 


Factor 

Value  (dB) 

709-90 

710-90 

Best-Fit  Calibration  Offset 

FFT  Size  Adjustment  (temporal) 

FFT  Size  (spatial) 

-1-24.1 

Hamming  Shading  (spatial) 

-4.0 

-4.0 

TOTAL 

-4.4 

-10.4 

The  empirical  frequency-dependent  calibration  curve  could  have  been  used,  in  principle,  to 
correct  for  the  system  component  rolloff  at  low  frequencies.  However,  none  of  the  attempted 
parameterizations  of  multiple  high-pass  filter  models  based  on  component  values  and/or  best-fit 
values  gave  data  calibrations  that  reproduced  the  frequency  dependence  of  known  experimental 
results  below  250  Hz.  As  a  result  the  experimental  analysis  was  restricted  to  frequencies  above 
250  Hz  for  which  the  calibration  was  not  expected  to  be  strongly  frequency  dependent. 

COMPARISON  WITH  EMPIRICAL  CW  ANALYSIS 

An  empirical  analysis  [A4]  of  the  continuous-wave  (CW)  calibration  Run  001  (709-90  Cruise 
Log  No.  1,  p.  23)  was  performed  by  Gary  Gibian  of  Planning  Systems,  Inc.  For  this  calibration  a 
sine  wave  signal  at  350  Hz  was  injected  into  the  system.  The  input  level  at  point  B  was  measured 
to  be  -55.5  dBV/\/  Hz.  The  output  level  from  GENPASS  was  155.6  dB.  The  effective  hydrophone 
sensitivity  (including  the  gain  from  the  VIO  :  1  step-down  transformer  in  the  array  itself)  was  taken 
as  -204.4  dB  re  lV/|<Pa,  giving  a  net  calibration  level  of  -204.4  -I-  (155.6  -  (-55.5))  =  -1-6.7  dB. 

To  compare  with  the  above  calibration  for  the  Cruise  709-90  ship-based  data,  appropriate 
adjustments  must  be  included.  The  CW  calibration  beamforming  used  23  hydrophones,  giving  a 
spatial  oiZe  adjustment  of  10  log[(16^)/(23*)j  =  —3.2  dB.  Uniform  shading  was  used  both 
spatially  and  temporally,  so  a  -8.0  dB  correction  is  needed  to  include  the  calibration  for  Hamming 
shading.  The  net  calibration  values  from  the  empirical  CW  analysis  are  shown  in  Table  A4. 
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Table  A4  -  Comparison  with  Empirical  CW  An^ysis 


Factor 

Value  (dB) 

Empirical  CW  Calibration 

-1-6.7 

FFT  Size  (spatial) 

-3.2 

Hamming  Shading 

-8.0 

TOTAL 

-4.5 

DATA  CALIBRATION  VALUES 

The  calibration  finally  applied  to  the  data  wa^  an  empirical  curve  similar  to  the  three  pole 
filter  response  curve.  The  actual  values  for  the  709-90  data  are  shown  in  Table  A5.  Values  for 
intermediate  frequencies  were  obtained  by  linear  interpolation.  Values  for  the  710-90  data  were 
6  dB  lower. 


Comparison  of  the  high  frequency  asymptotic  calibration  value  of  -1-0.5  dB  with  the  component 
analysis  value  gives  a  difference  of  1.3  dB,  while  comparison  with  the  empirical  white  noise  analysis 
value  gives  a  difference  of  4.9  dB.  Comparison  of  the  interpolated  value  for  350  Hz  with  the  empirical 
CW  analysis  value  gives  a  difference  of  approximately  2.4  dB. 


Table  A5  -  Data  Calibration  Values 


Frequency 

(Hz) 

Value 

(dB) 

256 

-4.1 

307 

-2.9 

358 

-2.0 

410 

-1.5 

461 

-1.1 

512 

-0.8 

563 

-0.6 

614 

-0.4 
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Appendix  B 

REPRESENTATIVE  SOUND  SPEED  PROFILES 


At  each  experimental  site  the  m  situ  temperature  profiles  were  measured  using  either  ex¬ 
pendable  bathythermographs  (XBTs)  deployed  from  the  side  of  the  ship  or  airborne  expendable 
bathythermographs  (AXBTs)  deployed  from  the  P-3  aircraft.  In  addition,  at  the  ship-based  sites 
the  surface  water  temperature  was  measured  with  a  thermometer.  The  data  were  recorded  and 
converted  to  sound  speed  using  the  SASEA  software  [Bl].  At  NRL  the  recorded  sound  speed  data 
were  edited,  smoothed,  and  decimated  using  the  SASEA  software.  For  depths  greater  than  approx¬ 
imately  1000  m  these  profiles  were  merged  with  archival  profiles  from  the  GDEM  database  [B2]. 
Plots  of  the  resulting  sound  speed  profiles  are  presented  in  Figs.  Bl,  B2,  and  B3. 

For  the  northernmost  sites  of  Cruise  709-90  (Runs  709-1,  709-2,  and  709-3)  the  channel  axis 
was  between  200  and  300  m,  giving  almost  a  duct  environment  and  providing  good  ensonification 
of  the  surface.  At  the  more  southern  sites  the  axis  was  deeper;  For  Run  709-4  the  axis  was  around 
600  m,  while  for  Runs  709-5,  709-6,  and  709-7  it  was  between  800  and  1000  m. 

For  Cruise  710-90  all  the  sites  were  clustered  within  approximately  90  km  of  each  other.  For 
these  sites  the  channel  axis  was  around  600  m.  However,  the  Run  710-2  site  was  a  notable  exception, 
having  a  near  duct  profile  with  an  axis  around  100  m.  Also,  the  Run  710-8  site  appeared  to  show 
evidence  of  mixing  within  the  first  200  m  of  the  water  column. 

Among  the  airborne  site  sound  speed  profiles,  the  profiles  at  the  northernmost  sites  (Flights  cl, 
c2,  and  d,  associated  with  709-90)  had  axes  between  200  and  400  m.  The  profiles  for  the  southern 
sites  (Flights  f,  g,  h,  and  j,  associated  with  710-90)  generally  had  axes  around  600  m  and  also 
showed  evidence  of  mixing  within  the  first  200  m  of  the  water  column. 
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Appendix  C 

3.5  KHZ  ECHO  SOUNDER  PLOTS 


The  USNS  Lynch  had  a  3.5  kHz  echo  sounder  on  board.  This  system  transmitted  bursts 
of  sound  at  3.5  kHz  into  the  water  and  recorded  the  echo  patterns  on  a  chart  recorder.  The 
time  delay  of  the  echoes  gave  a  direct  measure  of  the  bottom  depth  along  the  ship  track.  The 
echo  patterns  also  contadned  implicit  information  about  the  properties  of  the  upper  portion  of  the 
seabed.  Historically,  this  type  of  information  has  been  used  for  empirical  characterization  of  bottom 
types  [Cl].  However,  because  of  arbitrary  gain  settings  of  the  3.5  kHz  system  on  board  the  Lynch, 
the  echo  sounder  chart  recordings  that  were  made  were  not  of  sufficiently  high  quality  to  enable 
extraction  of  echo  character  type. 

Figures  Cl  to  Cll  present  copy-reduced  versions  of  the  3.5  kHz  echo  sounder  chart  recordings 
corresponding  to  the  ship-based  backscattering  experiment  runs.  The  ship  speed  was  nominally 
1.5  m/s,  giving  a  nominal  range  rate  of  2.7  km  every  half  hour.  The  SUS  charges  were  deployed 
typically  between  3  and  5  min  apart.  The  explosions  of  the  SUS  charges  overloaded  the  echo 
sounder  hydrophone  and  appeared  on  the  chart  recordings  as  vertical  lines  across  the  entire  chart 
(e.g.,  see  Fig.  C6). 
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Fig.  C7  -  3.5  kHz  echo  sounder  plot  for  Run  710-2 
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